Piezoelectric patch energy harvesters can be directly integrated to plate-like structures which are widely used in automotive, marine and aerospace applications, to convert vibrational energy to electrical energy. This paper presents two different AC-DC conversion techniques for multiple patch harvesters, namely single rectifier and respective rectifiers. The first case considers all the piezo-patches are connected in parallel to a single rectifier, whereas in the second case, each harvester is respectively rectified and then connected in parallel to a smoothing capacitor and a resistive load. The latter configuration of AC-DC conversion helps to avoid the electrical charge cancellation which is a problem with the multiple harvesters attached to different locations of the host plate surface. Equivalent circuit model of the multiple piezo-patch harvesters is developed in the SPICE software to simulate the electrical response. The system parameters are obtained from the modal analysis solution of the plate. Simulations of the voltage frequency response functions (FRFs) for the standard AC input -AC output case are conducted and validated by experimental data. Finally, for the AC input -DC output case, numerical simulation and experimental results of the power outputs of multiple piezo-patch harvesters with multiple AC-DC converters are obtained for a wide range of resistive loads and compared with the same array of harvesters connected to a single AC-DC converter.
INTRODUCTION
Piezoelectric energy harvesting research has advanced significantly over the past decade for powering small electronic components 1, 2 . Among the various transduction mechanisms ranging from electrostatic 3 , electromagnetic 4 , magnetostrictive 5 , piezoelectric 6 to electroactive and electrostrictive polymers 7, 8 , piezoelectric transducers are the most used ones due to their high power density and voltage, which are comparable to some lithium-ion based batteries 9 . Also, they can be easily manufactured and implemented at different scales 10, 11 .
In the literature of piezoelectric energy harvesting, cantilevered beam harvesters have been the main focus of study by groups of researchers 11, 12 . A variety of theoretical models such as single-degree-of-freedom model 13 , Rayleigh-Ritz discretization model 14 , and the closed-form distributed parameter model 15 were proposed to estimate the electrical outputs. Details of these mathematical modeling are summarized in 1 . Besides, finite-element modeling [16] [17] [18] and experimental tests 19 were performed by several other researchers to check the validity of the analytical models. Among the many studies on cantilever-based designs, only a few researchers have considered piezoelectric energy harvesting from the two-dimensional plate and shell structures. Piezoelectric patches bonded on thin plates enable compact energy harvesting without causing extra mass loading and occupying space. Moreover, cantilever plate designs usually possess a relatively large number of vibrational modes compared to the conventional cantilever beams, and also they are frequently utilized in aerospace, automotive and marine applications, which makes the patch-based energy harvesting convenient to apply and provide a wideband power harvesting.
For predicting the average power outputs of both cantilever beam and plate-like harvesters, mostly, a resistive load is used as a consumer part. However, in practical applications, stable DC signal is required for conveying the generated electrical power to the low-power electronic nodes or charging a storage component such as a battery or a supercapacitor. A standard AC-DC converter can provide a DC output at the resistive load, which consists of a full-wave bridge rectifier followed by a smoothing capacitor. Often as an extra stage, a DC-DC converter is used for the purpose of impedance matching to maximize the power flowing to the storage device energy harvester with nonlinear circuit elements has been recently developed by Bayik et al. 21 . The developed equivalent model can be analyzed via electronic circuit simulator (e.g., SPICE) which allows predicting the electrical outputs of the harvester with different circuit interfaces. It also accounts for two-way electromechanical coupling of the piezoelectric patch and the vibrating plate as well as multiple vibration modes of the plate. Analytical formulations expressing the steady-state DC voltage output of the array of beam harvesters were presented by Lien and Shu 22 who employed the energy balance approach and equivalent impedance of the harvesting circuit to derive the closed-form expression. Later, they 23 analyzed the same array of harvesters, while each harvester is connected independently to a rectifier and then connected to a smoothing capacitor and resistive load. However, in both studies, derivations are based on SDOF modeling. More recently, Aghakhani et. al 24, 25 have presented both equivalent circuit modeling and analytical distributed-parameter expressions for DC electrical output of the multiple piezo-patch harvesters attached to a thin plate. This paper presents numerical simulations and experimentally validated results for multiple piezo-patch harvesters connected to two different AC-DC converter circuits: single rectifier and multiple rectifiers. The single rectifier circuit is usually used for providing DC voltage, however, the second circuit with multiple rectifiers has the benefits of avoiding charge cancellation, which occurs due to the opposite signs of strain distribution under the piezoelectric patches. Yet, one drawback of such circuit configuration on the electrical output is the added voltage drops from the nonlinear diodes, which can be ameliorated by choosing low-loss rectifiers. It is expected that when each piezo-patch is respectively rectified, more electrical power is generated than the single rectification case. In the following section, a multi-mode equivalent circuit model of multiple piezo-patch harvesters integrated to a thin plate is developed into SPICE software. Equivalent circuit parameters of the multiple harvesters are obtained through the analogy with the governing electromechanical equations of piezo-patch harvesters and then are updated using the experimentally obtained voltage FRFs. AC input -AC output and AC input -DC output problems are explored numerically and verified with experiment results. SPICE simulations and experimental results for DC electrical outputs of the harvester with single rectifier circuit are reported for a wide range of resistive loads. Comparison of DC voltage and average power outputs across the optimum resistive load for both single and multiple rectifier circuit types are also shown for the first six vibration modes. Figure 1 presents the schematic of multiple piezo-patch energy harvesters bonded on a thin plate and connected in parallel to an electrical impedance. Length and width of the host plate are a and b respectively, the thickness is denoted by s h and assumed to be much smaller than other dimensions so that the effects of normal stress in the thickness direction and the corresponding transverse shear stresses are ignored (based on Kirchhoff plate theory). A transverse point force f(t) is exciting the plate at the position coordinates ) , ( 0 0 y x . Note that hereafter, the subscripts s and p indicate the parameters regarding the host structure and piezoelectric patches respectively. The total number of patch harvesters is given by p n , and each piezoceramic patch placed on the plate is located with two corners at ) , (
ANALYTICAL DISTRIBUTED-PARAMETER MODELLING
The thickness of the k-th patch is shown by k h ) ( p and the polarization is assumed to be in the thickness direction. Following the modal analysis procedure for the thin two-dimensional structure 26 , governing electromechanically coupled equations of the plate in modal coordinates are given as are the corresponding modal coordinate, undamped natural frequency and modal damping ratio for the mn-th vibration mode of the plate. The equivalent capacitance for the k-th piezo-patch is expressed as 
is the mass-normalized mode shape of the plate at the mn-th vibration mode. The electromechanical term k θ for the kth patch harvester is given by
, which is the product of effective piezoelectric constant k e ) ( 31 and reference distance k h ) ( pc , which for the k-th patch is defined as the distance from the center layer of kth piezo-patch to center layer of the plate. It should be noted that since the piezo-patches are connected in parallel, their voltage across the electrodes is equal, that is ) (
Finally, the electrical current flowing in the direction of the
EQUIVALENT CIRCUIT MODELING
The analytical distributed-parameter model of the plate with single/multiple piezo-patch energy harvesters is capable of predicting the power output when the interface circuit is a simple resistance 26 . Although those models explore the fundamental behavior of the electromechanical system, they ignore the dynamics of more sophisticated circuits that are utilized to produce stable DC voltage signal and transfer it to the end devices such as batteries or sensor nodes. To this end, this section introduces the equivalent circuit model that is developed into numerical simulation software SPICE, to accurately predict the dynamics of the harvesting circuit and its effect on the mechanical part. For the details of obtaining the equivalent circuit parameter for the piezo-patch harvester both from analytical and finite-element model, the reader is referred to 21 . System parameters identified for the single piezo-patch harvesters is extended to the case of multiple piezopatch harvesters in this study, by taking into account the full electromechanical coupling behavior of piezo-patches and the host plate. Figure 3 shows the equivalent circuit model for the k-th piezo-patch harvester, where the dependent current source constitutes of multiple secondary-order circuits, which represent the multiple vibration modes. By repeating this substitution for Figure 2 , and constructing these equivalent circuits along with an interface circuit in SPICE, transient simulations can be performed to estimate the electrical outputs. . However, in the case of multiple harvesters, the system parameters of the single harvester cannot be simply mapped into the k-th piezo-patch harvester. Therefore, the system parameters for the parallel configuration of MPPHs are modified as given in Table 1 , which accounts for the backward coupling effect of all the piezoelectric patches on the host plate. They also agree with mechanical Eq. (1) as well as electrical Eq. (2). 
AC-DC CONVERTER CIRCUITS
In this section, two AC-DC converter circuit models are introduced. In the first model, all the piezo-patches are connected in parallel to a full-wave rectifier followed by a smoothing capacitor and a resistive load. However, in the second model, each piezo-patch is respectively connected to a rectifier, and all the rectifiers are then connected in parallel to a smoothing capacitor and load resistance. 
EXPERIMENTAL SETUP
This section introduces the experimental setup used for analyzing the harvesting performance of multiple piezo-patch configurations. The experimental setup used for system identification and experimental tests is shown in Figure 6 . Resonance frequencies and damping ratios are experimentally identified and used for updating the equivalent system parameters.
A fully clamped rectangular aluminum plate is used a thin plate. The transversely isotropic piezoceramic patches (T105-A4E-602 manufactured by Piezo Systems, Inc.) are employed as piezo-patch harvesters bonded on the aluminum plate. The geometric, material, and electroelastic properties of the plate and the piezo-patch harvesters are given in Table 2 . Two piezo-patches (indicated by PZT-1 and PZT-2) are attached on the front surface of the aluminum plate as shown in 
EXPERIMENTAL AND NUMERICAL RESULTS
In the numerical simulations, an equivalent circuit model of the multiple piezo-patch harvesters (shown in Figure 3 ) is developed in SPICE software. Then, harmonic transverse excitation tests are conducted using the experimental setup for different case studies. In the following, AC input -AC output and AC input -DC output cases are investigated, where in both cases, numerical and experimental results are compared.
AC input -AC output case
Here, the electrical impedance elec Z as shown in Figure 1 is equal to a resistive load l R . Equivalent system parameters given in Table 1 can be obtained from the analytical solution of harvester 21 . Although the analytical model predicts the modal behavior of the system, it cannot precisely predict the resonance frequencies and the other system parameters. Therefore, to obtain an accurate equivalent model, resonance frequencies, and modal damping ratios are extracted from the voltage FRFs obtained through experimental studies. Figure 7 shows the comparison of experimental and two numerical voltage FRFs for the short-circuit condition, where the resistive load is selected as 100 Ω . In the SPICE simulation results (shown with blue line), it is assumed that system parameters are purely obtained from the analytical model. Whereas, in the second numeric result (dashed red line), system parameters are updated through system identification technique. It is clear that updated system parameters can accurately fit the vibration modes in the experiment result. From now on, the updated system parameters are used for the equivalent circuit model. 
AC input -DC output case
In this section, two cases of AC-DC circuit configurations are analyzed for converting the AC voltage to stable DC voltage. The first case is the single standard AC-DC converter connected to the array of piezo-patches, and the second case considers each piezo-patch to be connected independently to a rectifier. In the experimental tests, for reducing the ripple and unwanted high-frequency noises, an extra low-pass filter is added to the harvesting circuit as shown in Figures  4 and 5 . Note that for the AC input -DC output experiments, the inevitable ripple in the voltage and current output depend directly on the output time constant, that is the product of resistive load and a smoothing capacitor e l C R . It means that for a small amount of ripple, a large value of the time constant, e l C R , should be chosen. Additionally, frequency sweep rate must be chosen with respect to an inverse proportion of time constant so that the capacitor is fully charged. Hence, to avoid lengthy experiment tests, the output time constant is set to 0.1 seconds, which is about ten times the period of system excitation at the first vibration mode. That is, for the load resistance values ranging from 100Ω to 1ΜΩ, the smoothing capacitor values change from 1mF to 100nF. For both SPICE simulations and experiments, commercially available Schottky diode BAT85 is used for the single/multiple full-wave rectifier circuits due to its low forward voltage drop and fast switching performance 27 . The BAT85 diode parameters used in the SPICE software are given in Table 3 . Figure 8 , the optimum resistive load for maximum power harvesting is estimated to be around Ω = k R l 56 .
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. The short-circuit resonance frequency is also around 54.1 Hz.
The next set of experiments and numerical simulations are performed for comparing the performance of single and multiple rectifier circuits. For the rest of this study, all the energy harvesting tests are conducted with the optimum load resistance. As mentioned previously, in the single rectification case, the inevitable charge cancellation of piezoelectric patches causes low power generation. For a full analysis of strain distribution under the multiple piezo-patches, the reader is referred to 26 . excitations are conducted with 1 N point force. The numerical predictions agree well with the experimental data for the first six vibration modes as can be observed in Figures 9 and 10 . 
CONCLUSION
This study presents the numerical modeling and experimental validation of multiple piezo-patch harvesters integrated into a thin plate can be with two AC-DC conversion mechanism. The multi-mode equivalent circuit model of the energy harvesting system, was developed in SPICE software. Equivalent circuit parameters were obtained analytically from the modal analysis solution and then updated through experimental voltage FRFs of the short-circuit condition. Then, using the equivalent circuit parameters, transient simulations were conducted in the AC input -DC output case with single electrical rectification for a wide range of resistance load values and validated experimentally. In the last section, DC electrical outputs of the multiple piezo-patches with multiple rectifiers circuit, where each piezo-patch is respectively rectified, was compared with those of the single rectifier circuit. Steady-state DC electrical responses were investigated for the optimum resistive load for the first six modes of the plate. In both numerical and experimental results, it was shown that at higher vibration modes, due to the charge cancellation, use of single AC-DC converter results in lower power harvesting. Although the use of multiple rectifiers may create an electrical loss, it's been shown that for the case of multiple piezo-patch harvesters, they are far more advantageous than single rectifier circuit. The experimental and numerical results presented in this article, highlight the effective broadband energy harvesting on thin plates using the multiple piezo-patches when the AC-DC converter circuit is carefully chosen.
